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Abstract: Pyroxenites are diffuse in fertile mantle peridotites and considered an important
component in the mantle source of oceanic basalts. They are rarely documented in
abyssal and ophiolitic peridotites representing residual mantle after melt generation,
and few studies defining their origin are to date available. We present a field-based
microstructural and geochemical investigation of the pyroxenite layers associated to
depleted peridotites from the Mt. Maggiore ophiolitic body (Corsica, France). Field and
petrographic evidence indicate that pyroxenite formation preceded the melt-rock
interaction history that affected this mantle sector during Jurassic exhumation, namely
i) spinel-facies reactive porous flow leading to partial dissolution of the pyroxenites,
and ii) plagioclase-facies melt impregnation leading to [plagioclase + orthopyroxene]
interstitial crystallization. Pyroxenes show major element compositions similar to
abyssal pyroxenites from slow-spreading ridges, indicative of magmatic segregation at
pressures higher than 7 kbar. Both the parental melts of pyroxenites and the melts
involved in the subsequent percolation were characterized by Na2O-poor, LREE-
depleted compositions, consistent with unaggregated melt increments. This implies
that they represent the continuous evolution of similarly depleted melts leading to
different processes (pyroxenite segregation and later melt-rock interaction) during their
upward migration. To support the genetic relation and the continuity between the
formation of pyroxenites and the subsequent melt-rock interaction history, we modeled
all the documented processes in sequence, i.e.: i) formation of single melt increments
after 6% mantle decompressional fractional melting; ii) high-pressure segregation of
pyroxenites; iii) spinel-facies reactive porous flow, iv) plagioclase-facies melt
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impregnation. The early fractionation of pyroxenites leads to a decrease in pyroxene
saturation that is necessary for the subsequent reactive porous flow process, and
accounts for the “pyroxene paradox”.
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Pyroxenites are diffuse in fertile mantle peridotites and considered an important component 29 
in the mantle source of oceanic basalts. They are rarely documented in abyssal and ophiolitic 30 
peridotites representing residual mantle after melt generation, and few studies defining their origin 31 
are to date available. We present a field-based microstructural and geochemical investigation of the 32 
pyroxenite layers associated to depleted peridotites from the Mt. Maggiore ophiolitic body (Corsica, 33 
France). Field and petrographic evidence indicate that pyroxenite formation preceded the melt-rock 34 
interaction history that affected this mantle sector during Jurassic exhumation, namely i) spinel-35 
facies reactive porous flow leading to partial dissolution of the pyroxenites, and ii) plagioclase-36 
facies melt impregnation leading to [plagioclase + orthopyroxene] interstitial crystallization. 37 
Pyroxenes show major element compositions similar to abyssal pyroxenites from slow-spreading 38 
ridges, indicative of magmatic segregation at pressures higher than 7 kbar. Both the parental melts 39 
of pyroxenites and the melts involved in the subsequent percolation were characterized by Na2O-40 
poor, LREE-depleted compositions, consistent with unaggregated melt increments. This implies 41 
that they represent the continuous evolution of similarly depleted melts leading to different 42 
processes (pyroxenite segregation and later melt-rock interaction) during their upward migration. 43 
To support the genetic relation and the continuity between the formation of pyroxenites and the 44 
subsequent melt-rock interaction history, we modeled all the documented processes in sequence, 45 
i.e.: i) formation of single melt increments after 6% mantle decompressional fractional melting; ii) 46 
high-pressure segregation of pyroxenites; iii) spinel-facies reactive porous flow, iv) plagioclase-47 
facies melt impregnation. The early fractionation of pyroxenites leads to a decrease in pyroxene 48 
saturation that is necessary for the subsequent reactive porous flow process, and accounts for the 49 
“pyroxene paradox”. 50 
 51 
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Pyroxenite bodies and/or layers are a minor but diffuse lithotype in fertile mantle peridotites 56 
and are considered an important component in the mantle source of oceanic basalts (e.g. 57 
Hirschmann and Stolper 1996; Stracke et al. 1999; Salters and Dick 2002; Kogiso et al. 2004a, 58 
2004b; Sobolev et al. 2005, 2007; Lambart et al. 2013, 2016; Borghini et al. 2017). However, their 59 
origin remains a debated issue, since various magmatic and metamorphic processes can be invoked: 60 
i) metamorphic recycling of subducted oceanic crust incorporated into the lithosphere (e.g. Allègre 61 
and Turcotte 1986; Morishita and Arai 2001; Morishita et al. 2003; Yu et al. 2010); ii) reactive melt 62 
percolation and “refertilization” of a depleted upper mantle during melt-peridotite interactions 63 
(Garrido and Bodinier 1999; Bodinier et al. 2008; Dantas et al. 2009; van Acken et al. 2010; 64 
Laukert et al. 2014; Borghini et al. 2013, 2016); iii) moderate- to high-pressure melt segregation 65 
derived from asthenospheric melting (Bodinier et al. 1987a, 1987b; Vannucci et al. 1993; Rivalenti 66 
et al. 1995; Kempton and Stephens 1997; Mukasa and Shervais 1999; Takazawa et al. 1999; Dantas 67 
et al. 2007; Keshav et al. 2007; Warren et al. 2009; Gysi et al. 2011).  68 
Pyroxenites are commonly documented in association with fertile peridotites but only few 69 
studies have investigated pyroxenite layers and veins associated to depleted oceanic and ophiolitic 70 
peridotites representing residual mantle after partial melting of asthenospheric sources (e.g., Dantas 71 
et al. 2007; Warren et al. 2009; Laukert et al. 2014). These studies in oceanic settings inferred an 72 
origin of the pyroxenite layers as deep-seated (spinel-facies) magmatic segregations of depleted 73 
unaggregated melts and/or as replacive lithotypes after melt-rock interactions. Melt-rock 74 
interactions are increasingly invoked in extensional settings as key processes in modifying the 75 
modal and chemical composition of the host rock (lithospheric mantle and/or lower oceanic crust) 76 
and percolating melt (e.g. Collier and Kelemen 2010; Paquet et al. 2016; Rampone et al. 2016, 77 
2019; Sanfilippo et al. 2016; Basch et al. 2018, 2019; Borghini et al. 2018; Ferrando et al. 2018). 78 
Therefore, the understanding of the origin of pyroxenites associated to residual peridotites and 79 
deciphering the melt-rock interaction processes is of upmost importance to constrain processes of 80 
melt production in oceanic environments, as well as the chemical evolution of melts during 81 
percolation through the oceanic lithosphere.  82 
In the Mt.Maggiore ultramafic massif (Alpine Corsica, France), partially dissolved pyroxenite 83 
layers are associated with residual mantle peridotites that record a complex melt-rock interaction 84 
history from spinel-facies to plagioclase-facies conditions (Rampone et al. 1997, 2008; Müntener 85 
and Piccardo 2003; Piccardo and Guarnieri 2010; Basch 2018; Basch et al. 2018). Field evidence 86 




































































studies (Rampone et al. 1997, 2008; Piccardo and Guarnieri 2010; Basch et al. 2018) documented 88 
that melts involved in the reactive percolation process have depleted compositions and likely 89 
represent last melt increments formed at the top of a mantle column after 5-8% fractional melting of 90 
a Depleted MORB Mantle source (DMM). The percolation of depleted melts in the oceanic 91 
lithosphere has been extensively reported in slow-spreading oceanic setting, both in ophiolites 92 
(Rampone et al. 1997, 2008, 2019; Dijkstra et al. 2003; Piccardo et al. 2007; Rampone and 93 
Borghini, 2008; Sanfilippo and Tribuzio, 2011; Basch et al. 2018) and in modern mid-ocean ridges 94 
(Dantas et al. 2007; Dick et al. 2010; Warren and Shimizu 2010; Laukert et al. 2014). These 95 
peculiar melt compositions have been invoked as parental melts to pyroxenite layers from South-96 
West Indian Ridge and Lena Trough (Dantas et al. 2007; Laukert et al. 2014). Records of depleted 97 
melts are mostly found in such relatively cold oceanic environments, as a result of a thick Thermal 98 
Boundary Layer and low melt production (e.g. Langmuir and Forsyth, 2007; Rampone et al. 2019) 99 
that does not allow for melt aggregation before extraction. Their composition and origin as 100 
unaggregated increments of fractional mantle melting has been well defined and modeled in terms 101 
of trace elements (e.g. Rampone et al. 2008; Basch et al. 2018) but little is known about their major 102 
element composition. 103 
In this paper, we investigate the formation process of the Mt.Maggiore pyroxenite layers and 104 
its impact on the compositional evolution of percolating melts and the melt-rock interaction history. 105 
We used a multi-disciplinary approach combining field observations, microstructural and mineral 106 
major and trace element analyses. Our results were integrated with the melt-rock interaction history 107 
previously described in the host peridotites. Major outcomes of this study are: 1) the formation of 108 
the pyroxenites as early segregates from unaggregated depleted melts; 2) the necessity of pyroxene 109 
fractionation prior to the documented melt-rock interaction history, thus accounting for the 110 
“pyroxene paradox” (Francis 1986); 3) the demonstration of the evolution of reactive processes and 111 




Structural and petrologic background 116 
 117 
The Corsican peridotitic bodies are part of the Alpine-Apennine ophiolites, interpreted as the 118 
oceanic lithosphere remnants of the narrow Jurassic Ligurian Tethys basin. It was opened by 119 
passive lithosphere extension and ultimately led to slow- to ultra-slow spreading oceanization 120 




































































the base of the reconstructed “Schistes Lustrés” ophiolitic sequence exposed in the eastern Alpine 122 
Corsica (Jackson and Ohnenstetter 1981). Although it lacks any crustal cover, it preserves clear 123 
field relationships between mantle peridotites and associated pyroxenite and gabbroic intrusions. 124 
Previous geochemical studies demonstrated that clinopyroxenes in clinopyroxene-poor spinel 125 
lherzolites have relatively homogeneous LREE-depleted trace element compositions, consistent 126 
with residual mantle after low degrees (5–8%) of fractional melting (Rampone et al. 1997, 2008). 127 
The peridotitic body also records a subsequent multi-stage lithospheric exhumation history, through 128 
various episodes of melt-rock interaction from deep (spinel-facies) to shallower mantle depths 129 
(plagioclase-facies) (Müntener and Piccardo 2003; Piccardo and Guarnieri 2010; Rampone et al. 130 
1997, 2008; Basch et al. 2018). 131 
A first event of olivine-saturated reactive melt percolation led to the dissolution of 132 
clinopyroxene and orthopyroxene, and crystallization of olivine at spinel-facies conditions. This 133 
melt-rock interaction is mostly recorded in reactive clinopyroxene-poor lherzolites and harzburgites 134 
by the development of olivine embayments partly replacing mantle orthopyroxene and 135 
clinopyroxene. Extensive reactive melt percolation led to the replacive formation of spinel dunite 136 
pods (e.g. Basch et al. 2018) and partial to complete dissolution of associated pyroxenite layers 137 
(Piccardo and Guarnieri 2010).  138 
Plagioclase-bearing peridotites and troctolites show microstructural characteristics indicative of 139 
a plagioclase- (±opx) crystallizing, olivine-dissolving melt impregnation (Rampone et al. 1997, 140 
2008; Müntener and Piccardo 2003; Piccardo and Guarnieri 2010; Basch et al. 2018). Highly 141 
impregnated plagioclase peridotites often display plagioclase-rich gabbronoritic veinlets, 142 
crystallized after segregation of the percolating melts. Rock-forming minerals in the gabbronoritic 143 
veinlets (plagioclase, orthopyroxene and clinopyroxene) show LREE-depleted patterns, indicating a 144 
depleted composition of the impregnating melts. This melt composition has been previously 145 
described as consistent with depleted single melt increments formed after 5-8% of mantle fractional  146 
melting (Rampone et al. 1997, 2008; Basch et al. 2018), not corresponding to classical aggregated 147 
MORBs.  148 
Together, the reported melt-rock interaction processes suggest open-system reactive 149 
percolation of olivine-saturated depleted melts at spinel-facies levels, followed by impregnation of 150 
the peridotites by depleted melts at shallower, colder lithospheric depths. Rampone et al. (2008) and 151 
Basch et al. (2018) described the progressive modification of the composition of percolating melt 152 
during upward migration. They inferred that melt-rock interaction occurring at spinel facies led to a 153 
progressive decrease in the olivine saturation and increase in pyroxene and plagioclase saturation. 154 




































































Pressure-Temperature conditions,  enabled an evolution in the type of melt-rock interaction from an 156 
olivine-crystallizing, pyroxene-dissolving reactive melt percolation at spinel-facies to a plagioclase 157 
+ orthopyroxene ± clinopyroxene melt impregnation at plagioclase-facies. This implies a continuity 158 
in the documented multi-stage melt-rock interaction history, tracking progressive exhumation of 159 
this mantle sector (Basch et al. 2018). Both spinel and plagioclase peridotites were intruded by later 160 
gabbroic dykes, ranging from olivine gabbros to diorites, showing MORB-type affinity (Piccardo 161 
and Guarnieri 2010). 162 
 163 
Field relationships and sampling 164 
 165 
The Mt.Maggiore peridotitic massif (Corsica, France) is mainly composed of granular spinel 166 
and plagioclase peridotites, showing in places a weak NW-SE foliation marked by a preferential 167 
elongation of mantle pyroxenes (see Fig. 1 in Basch et al. 2018). The spinel peridotites show 168 
variations in modal compositions, ranging from clinopyroxene-poor lherzolites to olivine-rich 169 
harzburgites (up to 85 vol% olivine). In places, the spinel peridotites show diffuse to sharp contacts 170 
with metre-size spinel dunitic bodies. Mantle peridotites are associated to decimetre-size spinel 171 
pyroxenite layers (Fig. 1a) showing a constant NW-SE orientation throughout the ultramafic body, 172 
similar to the peridotite foliation (see Fig. 1 in Basch et al. 2018). In places, spinel pyroxenite layers 173 
are partially dissolved (Fig. 1b) and replaced by interstitial olivine (Fig. 1b,c). Within the dunite, the 174 
occurrence of aligned spinel trails also suggests the former presence of a pyroxenite layer, in which 175 
pyroxenes were completely dissolved during the spinel-facies reactive porous flow (Piccardo and 176 
Guarnieri 2010; Basch et al. 2018). 177 
A recent study of the Mt.Maggiore peridotitic massif documented the presence of an 178 
impregnation front (Basch et al. 2018) on the field. The latter marks the transition from spinel 179 
peridotites and associated spinel pyroxenite layers to plagioclase-bearing peridotites and 180 
pyroxenites, showing enrichments in interstitial plagioclase and orthopyroxene (Fig. 1d,e). The 181 
most impregnated peridotites (up to 30 vol% interstitial plagioclase + orthopyroxene) show a 182 
steeply dipping (50–70°S) ESE-WNW modal layering of plagioclase enrichment and associated 183 
gabbronoritic veinlets crosscutting the peridotite foliation and pyroxenite layers (Rampone et al. 184 
2008, 2019; Piccardo and Guarnieri 2010; Basch et al. 2018). All spinel- and plagioclase-bearing 185 
lithotypes are crosscut by steeply dipping gabbroic dikes (60–80°S), trending E-W to ESE-WNW. 186 
 187 





































































We sampled 8 pyroxenite layers, associated with both spinel and plagioclase peridotites (Table 190 
1). These pyroxenites are characterized by variable extents of pyroxene dissolution (Fig. 1b,c; Table 191 
1) and plagioclase-bearing impregnation (Fig. 1d,e). Although spinel pyroxenites (M11-6, M11-7, 192 
M11-7B, M11-8; associated with spinel peridotites; Fig. 1a,b) showed no sign of impregnation on 193 
the field, they all bear microstructural evidence of minor interstitial plagioclase and orthopyroxene 194 
(Fig. 1d,e; Table 1). Plagioclase pyroxenites (M11-4C, M11-5B, M11-12A, M11-12C; associated to 195 
plagioclase peridotites; Fig 1d,e) show stronger enrichments in impregnation-related phases 196 
(plagioclase up to 15 vol%). 197 
We performed structural Electron Backscatter Diffraction (EBSD) mapping of all pyroxenite 198 
samples at Géosciences Montpellier (University of Montpellier, France). Mineral major element 199 
analyses (EPMA) have been performed at the Dipartimento di Scienze della Terra, University of 200 
Milano (Italy) and mineral trace element analyses (LA-ICP-MS) have been performed at C.N.R., 201 
Istituto di Geoscienze e Georisorse, Unità di Pavia (Italy). Detailed methodologies for EBSD, major 202 
and trace elements analyses can be found in Supplementary Material.  203 
In the pyroxenites, clinopyroxenes and orthopyroxenes often show exsolutions of the conjugate 204 
pyroxene (see Petrography). Major element in-situ EPMA analyses were performed on mineral 205 
cores, rims and pyroxene exsolutions and are further referred to as “punctual analyses”. In order to 206 
reconstruct the major element composition of primary pyroxene porphyroclasts, prior to the 207 
subsolidus exsolution stage, we performed areal quantitative analyses of exsolved clinopyroxene 208 
and orthopyroxene porphyroclastic cores, from 100x100 µm to 300x300 µm (Fig. S1). The areal 209 
analyses that respect the stoichiometry of the bulk mineral (clinopyroxene or orthopyroxene) are 210 
used as a reference for the primary composition of the pyroxene core. These analyses have been 211 
performed at the Dipartimento di Scienze della Terra, dell’Ambiente e della Vita (DISTAV), 212 
University of Genoa using a TESCAN VEGA3 Scanning Electron Microscope equipped with an 213 
Energy Dispersive X-ray analyser (accelerating power 20kV).  214 
 215 
Petrography of the pyroxenite layers 216 
 217 
The pyroxenite layers are mainly websterites (Table 1). The primary mineral assemblage 218 
consists of coarse-grained clinopyroxene, orthopyroxene and spinel (Figs. 1,2). Clinopyroxenes are 219 
coarse porphyroclasts, partially corroded by interstitial olivine (Fig. 2a). They are deformed, as 220 
evidenced by undulatory extinction, and display exsolutions of variable sizes, from thin lamellas of 221 
orthopyroxene (Figs. 2e, S1) to 100µm-size orthopyroxene + plagioclase aggregates (Fig. 2f). 222 




































































partially corroded by interstitial olivine (opx1, Fig. 2b), showing undulatory extinctions and thin 224 
lamellas of clinopyroxene exsolutions (Fig. S1), and ii) interstitial to poikilitic orthopyroxene, 225 
associated to interstitial plagioclase, often forming orthopyroxene + plagioclase intergrowths (opx2, 226 
Fig. 2c,d). Interstitial orthopyroxene is mainly observed in the plagioclase pyroxenite samples 227 
showing extensive impregnation features (M11-5B, M11-12A, M11-12C). These interstitial 228 
orthopyroxenes are mostly undeformed and show few to no exsolutions of clinopyroxene. Olivines 229 
are always interstitial, showing lobate contacts against clinopyroxene and orthopyroxene 230 
porphyroclasts (Fig. 2a,b). They are deformed and often display kink bands. Plagioclases are always 231 
undeformed and occur as interstitial to poikilitic crystals showing lobate contacts against both 232 
pyroxene porphyroclasts and interstitial olivine (Fig. 2d). In the pyroxenite layers, they are mostly 233 
replaced by low-grade alteration products (Fig. 2c,d). Spinels are mostly black to brownish granular 234 
millimetre-size crystals associated to porphyroclastic pyroxenes and partially dissolved by 235 
interstitial olivine and plagioclase. 236 
The main petrological features characterizing the pyroxenite layers therefore indicate that: i) 237 
spinel-facies reactive porous flow led to the partial dissolution of the porphyroclastic pyroxenes and 238 
to the interstitial crystallization of olivine; ii) plagioclase-facies impregnation led to enrichments in 239 
interstitial plagioclase and orthopyroxene at the expense of the porphyroclastic pyroxenes and 240 
interstitial olivine; iii) the pyroxenites were partially reequilibrated to plagioclase-facies sub-solidus 241 
conditions. 242 
 243 
Crystallographic Preferred Orientation of olivine 244 
 245 
Pyroxenite layers all show a clear olivine Crystallographic Preferred Orientation (CPO) 246 
pattern. Despite the large grain size, the well-defined patterns allow to investigate qualitatively the 247 
olivine CPO. Figure 3 shows the modal composition, olivine CPO, and BA-index (representative of 248 
the qualitative CPO symmetry of the olivine [100] and [010] axes; Mainprice et al. 2014) of all the 249 
pyroxenite layer samples. 250 
Olivines in the pyroxenite layers (plagioclase-bearing olivine websterites) are characterized by 251 
an axial-[010] CPO (BA-index < 0.45; Mainprice et al. 2014; Tommasi and Ishikawa 2014), with 252 
[010] being the strongest axis orientation, normal to the pyroxenite layer plane (Fig. 3). Such axial-253 
[010] olivine CPOs have been previously described in impregnated peridotites (Ben Ismail et al. 254 
2001; Le Roux et al. 2008; Tommasi et al. 2008), replacive olivine-rich gabbroic rocks (Higgie and 255 
Tommasi 2012, 2014) and experiments of melt segregation during deformation (Holtzman et al. 256 




































































ultramafic body and interpreted the olivine axial-[010] CPO in reacted spinel peridotite (olivine-258 
enriched harzburgite), spinel dunite, olivine-rich troctolite, and troctolite as an indicator of 259 
deformation in the presence of melt (Holtzman et al. 2003; Le Roux et al. 2008; Kaczmarek and 260 
Tommasi 2011). 261 
 262 
Major and trace element mineral compositions 263 
 264 
Major and trace element compositions of clinopyroxene, orthopyroxene, spinel, olivine and 265 
plagioclase from the studied pyroxenite layers are reported in Table S1-5 of Supplementary 266 
Material.  267 
Clinopyroxene porphyroclast punctual analyses (Table S1) are characterized by relatively high 268 
Al2O3 concentrations, progressively decreasing at increasing Mg-value from cores (Mg# = 88.0-269 
90.5 mol%; Al2O3 = 4.57-7.24 wt%), to rims (Mg# = 89.3-91.4 mol%; Al2O3 = 3.20-5.95 wt%), to 270 
clinopyroxene exsolutions within orthopyroxene (Fig. 4a; Mg# = 90.3-92.0 mol%; Al2O3 = 2.24-271 
4.88 wt%). All punctual analyses of clinopyroxene show low Na2O and TiO2 (Fig. 4b; Na2O = 0.08-272 
0.24 wt%; TiO2 = 0.2-0.4 wt%), and high Cr2O3 contents (Cr2O3 = 0.7-1.3 wt%). Clinopyroxene 273 
areal analyses of exsolved cores show compositions similar to punctual core analyses in terms of 274 
Mg-value (Mg# = 89-89.6 mol%; Fig. 4a,b), Al2O3 (5.96-7.07 wt%; Fig. 4a) and Na2O 275 
concentrations (0.08-0.16 wt%; Fig. 4b), but they show higher MgO (19.53-19.81 wt%) and FeO 276 
(4.26-4.36 wt%), and lower CaO (18.10-18.44 wt%) concentrations, consistent with the bulk 277 
clinopyroxene composition prior to orthopyroxene exsolution. Porphyroclastic cores (both areal and 278 
punctual analyses; Fig. 4a,b) show similar Mg-values, Al2O3 compositions and lower Na2O contents 279 
relative to clinopyroxenes analysed in spinel peridotites from Mt.Maggiore (Basch et al. 2018) and 280 
in spinel websterites from the South-West Indian Ridge (Dantas et al. 2007). Clinopyroxenes 281 
analysed in variably reequilibrated plagioclase websterites from the Lena Trough (Fig. 4a,b) show a 282 
range of variation of Al2O3 and Mg-value similar to the core-rim variation in the Mt.Maggiore 283 
pyroxenites but higher Na2O concentrations (Laukert et al. 2014). Trace element compositions of 284 
clinopyroxene porphyroclastic cores (Fig. 5a) show strong LREE depletion (CeN/SmN = 0.015-285 
0.037) and flat MREE-HREE patterns (YbN = 8.4-10.4 times C1), similar to clinopyroxenes 286 
analysed in plagioclase peridotites and gabbronoritic veinlets from Mt.Maggiore (Rampone et al. 287 
2008; Basch et al. 2018), plagioclase websterites from the Lena Trough (Laukert et al. 2014), and 288 
spinel websterites from the South-West Indian Ridge (Dantas et al. 2007). These LREE-depleted 289 




































































reported in websterites from the Internal Ligurian ophiolites (Sanfilippo and Tribuzio 2011) and in 291 
part of the websterites from the South-West Indian Ridge (Warren et al. 2009). 292 
Orthopyroxene porphyroclast punctual analyses (Table S2) show high Mg-value, Al2O3, and 293 
Cr2O3 contents in orthopyroxene cores (Fig. 4c,d; Mg# = 88.8-90.1 mol%; Al2O3 = 2.22-4.90 wt%; 294 
Cr2O3 = 0.47-0.95 wt%) and rims (Mg# = 88.7-90.1 mol%; Al2O3 = 1.79-4.85 wt%; Cr2O3 = 0.43-295 
0.93 wt%). Orthopyroxene exsolutions in clinopyroxene show similar Mg-values, Cr2O3 296 
compositions (Mg# = 88.4-89.9 mol%; Cr2O3 = 0.55-0.87 wt%; Fig. 4c,d), and lower Al2O3 297 
contents (Al2O3 = 1.71-3.76 wt%; Fig. 4c,d) with respect to the orthopyroxene porphyroclastic 298 
cores and rims. Orthopyroxene porphyroclastic cores and rims show variable CaO concentrations 299 
(CaO = 0.6-1.4 wt%), as a function of the extent of clinopyroxene exsolution. Orthopyroxene areal 300 
analyses of exsolved porphyroclastic cores show higher CaO (CaO = 2.1-2.5 wt%) and lower SiO2 301 
contents (SiO2 = 53.9-54.3 wt%) than the punctual porphyroclastic core analyses. Interstitial and 302 
poikilitic orthopyroxenes also show higher CaO contents in crystal cores (CaO = 1.0-2.5 wt%) and 303 
rims (CaO = 0.9-1.5 wt%) than the orthopyroxene porphyroclasts. The analysed orthopyroxene 304 
porphyroclastic core compositions are similar to the ones reported in plagioclase websterites from 305 
the Lena Trough (Fig. 4c,d; Laukert et al. 2014) and to orthopyroxenes analysed in the associated 306 
plagioclase peridotites from Mt.Maggiore (Fig. 4c,d; Basch et al. 2018). Porphyroclastic and 307 
interstitial orthopyroxene cores (Fig. 5b) all show rather strong LREE depletion (CeN/YbN = 0.001-308 
0.003), and MREE-HREE concentrations (YbN = 2.3-3.1 times C1) similar to orthopyroxenes 309 
analysed in spinel websterites from South-West Indian Ridge (Dantas et al. 2007), in plagioclase 310 
websterites from Lena Trough (Laukert et al. 2014) and in plagioclase peridotites from 311 
Mt.Maggiore (Basch et al. 2018). 312 
Plagioclase cores (Table S3) are characterized by anorthite-rich compositions (An = 93.1-95.4 313 
mol%), consistent with their low Na2O concentrations (Na2O = 0.52-0.78 wt%). The Na2O contents 314 
decrease towards the rims of the crystals, leading to more anorthitic rim compositions (Na2O = 315 
0.32-0.52 wt%; An = 95.4 -97.1 mol%). Plagioclase cores all show strong LREE depletion 316 
(CeN/SmN = 0.08-0.15; SmN = 0.45-0.55 times C1) similar to plagioclase compositions reported in 317 
plagioclase websterites from the Lena Trough (Laukert et al. 2014) and in the associated plagioclase 318 
peridotites from Mt.Maggiore (Basch et al. 2018). 319 
Olivine (Table S4) shows a narrow compositional range in all pyroxenite layers, at high 320 
Forsterite contents (Fo = 88.9-90.2 mol%), similar to the olivine compositions reported in the 321 
associated spinel peridotites, plagioclase peridotites, spinel dunites and troctolites from 322 




































































Spinel (Table S5) shows variable compositions between spinel pyroxenite and plagioclase 324 
pyroxenite. In the spinel pyroxenites, spinels show Cr-values, Mg-values and TiO2 contents (Cr# = 325 
15 mol%; Mg# = 72 mol%; TiO2 = 0.12 wt%) similar to what was documented in spinel websterites 326 
from the South-West Indian Ridge (Dantas et al. 2007). In the plagioclase pyroxenites, spinels show 327 
higher Cr-values and TiO2 contents (Cr# = 32-42 mol%; TiO2 = 0.32-0.40 wt%) and lower Mg-328 
values (Mg# = 62-67 mol%).  329 
 330 
Geothermobarometric estimates 331 
 332 
Equilibration temperatures of the different stages recorded in the pyroxenite layers were 333 
obtained using two-pyroxene Fe-Mg geothermometers (Brey and Kohler 1990; Taylor 1998) and 334 
Ca-in-orthopyroxene geothermometer (Brey and Kohler 1990). The calculated equilibrium 335 
temperature estimates are representative of: i) the formation of the pyroxenite layers, using areal 336 
analyses of orthopyroxene and clinopyroxene as representative of their primary composition (Fig. 337 
S1); ii) the plagioclase-facies impregnation stage of the pyroxenite, using punctual analyses of 338 
interstitial orthopyroxenes cores (using Ca-in-opx geothermometer). These estimates are completed 339 
with coupled orthopyroxene-clinopyroxene cores from the gabbronorite segregations found within 340 
the plagioclase peridotites (data after Rampone et al. 2008 and Basch et al. 2018); iii) the 341 
plagioclase-facies sub-solidus reequilibration, using variably exsolved punctual cores and rims of 342 
porphyroclastic clinopyroxene and orthopyroxene, and coupling clinopyroxene and orthopyroxene 343 
exsolutions (Fig. 2e,f).  344 
Additionally, we obtained geobarometric estimates of the plagioclase-bearing equilibrium 345 
applying the FACE geobarometer to clinopyroxene-orthopyroxene-plagioclase-olivine association 346 
(Fumagalli et al. 2017). We emphasize, however, that the FACE geobarometer was calibrated using 347 
experimental data on plagioclase peridotite compositions (Borghini et al. 2010, 2011; Fumagalli et 348 
al. 2017), meaning that our equilibration pressure calculations for olivine-bearing gabbronoritic 349 
compositions represent indicative pressure estimates. This mineralogical association is found in 350 
different microstructural occurrences giving pressure estimates of: i) plagioclase-facies 351 
impregnation stage of the pyroxenite represented by the gabbronoritic segregation mineral cores 352 
(data after Rampone et al. 2008 and Basch et al. 2018); ii) plagioclase-facies sub-solidus 353 
reequilibration represented by the mineral reequilibrated rims in impregnated pyroxenites. We used 354 
porphyroclastic rims of clinopyroxene, rims of interstitial olivine, and rims of interstitial 355 
orthopyroxene and plagioclase; iii) advanced stages of sub-solidus reequilibration represented by 356 




































































considered in the calculation are the reequilibrated clinopyroxene at the contact with the exsolution 358 
and the rims of interstitial olivine. 359 
The geothermobarometric estimates obtained are summarized in Table 2. The areal analyses of 360 
porphyroclastic clinopyroxene and orthopyroxene, representative of the spinel-facies formation of 361 
the pyroxenites, yield the highest equilibrium temperatures of 1210-1300°C. The plagioclase-facies 362 
melt impregnation process is characterized by high equilibrium temperatures of 1080-1290°C, at 363 
pressures of 6.4-6.6 kbar. The high variability of the temperature estimates is the expression of 364 
different extents of exsolution of the interstitial orthopyroxene cores (lower temperatures represent 365 
higher extents of exsolution). The sub-solidus reequilibration calculated at the rims of the 366 
porphyroclastic and interstitial crystals yield lower equilibrium temperatures and pressures of 880-367 
1080°C at 4.2-4.6 kbar. The more extensive sub-solidus reequilibration represented by the 368 
plagioclase + orthopyroxene exsolution is characterized by low equilibrium temperatures of 780-369 




What do the pyroxenite layers represent? 374 
 375 
Previous studies of the Mt.Maggiore peridotitic massif described a complex melt-rock 376 
interaction history recorded in the spinel and plagioclase peridotites, dunites and troctolites 377 
(Rampone et al. 1997, 2008; Müntener and Piccardo 2003; Piccardo and Guarnieri 2010; Basch et 378 
al. 2018). The evidence that pyroxenite layers record the processes of melt-rock interaction 379 
documented in the associated peridotites (e.g., Basch et al. 2018), indicates that their formation 380 
predates the spinel- to plagioclase-facies melt-rock interaction history.  381 
In the studied pyroxenites, olivine is always interstitial and shows lobate contacts against 382 
clinopyroxene and orthopyroxene porphyroclasts (Fig. 2a,b). We thus infer that olivine is entirely 383 
the product of the spinel-facies reactive porous flow. The crystallization of olivine during the 384 
reactive porous flow process is also suggested by the axial-[010] olivine CPO measured in the 385 
pyroxenite layers (0.18 < BA-index < 0.43; Fig. 3). Similar axial-[010] olivine CPO were reported 386 
in the most reacted spinel harzburgites and spinel dunites from Mt.Maggiore (BA-index < 0.5; 387 
Basch et al. 2018) and interpreted as a melt-assisted deformation feature associated to the spinel-388 
facies reactive porous flow process. 389 
Within the pyroxenite layers, melt impregnation led to the interstitial crystallization of 390 




































































2c,d). These microstructural observations imply that plagioclase (10-15 vol%; Table 1) and at least 392 
part of the orthopyroxene abundance measured in the pyroxenites (15-50 vol%; Table 1) are the 393 
products of melt impregnation at plagioclase-facies conditions. Based on microstructural and EBSD 394 
map observations, we thus infer that the pyroxenite layers were primarily formed by large 395 
porphyroclastic clinopyroxene (~ 60-90 vol%), porphyroclastic orthopyroxene (~ 10-30 vol%) and 396 
spinel (~ 0-10 vol%). 397 
Pyroxene porphyroclast cores in the studied pyroxenites have Al2O3 compositions (Fig. 4) 398 
similar to those of South-West Indian Ridge and Lena Trough websterites (Seyler et al. 2001; 399 
Dantas et al. 2007; Laukert et al. 2014). These oceanic pyroxenites associated to residual peridotites 400 
were interpreted as formed by relatively high-pressure melt segregations (>7 kbar; Dantas et al. 401 
2007; Laukert et al. 2014). Experimental studies of MORB crystallization evidenced the possible 402 
formation of websterites during fractional and equilibrium crystallization processes occurring at 403 
pressures of 7-10 kbar (e.g. Villiger et al. 2004, 2007; Husen et al. 2016). The crystallization of 404 
websterites (clinopyroxene-orthopyroxene-spinel) is related to early saturation of pyroxenes, as a 405 
result of the increasing stability of pyroxenes and decreasing stability of plagioclase at increasing 406 
pressure. Villiger et al. (2004) also documented an increase in Al2O3 concentration in clinopyroxene 407 
and orthopyroxene with pressure (up to 7 wt% Al2O3 in clinopyroxene at 10 kbar. We infer that the 408 
primary modal composition, and the high Al2O3 contents and Mg-values in porphyroclastic 409 
pyroxenes forming the Mt.Maggiore pyroxenites resulted from high-pressure fractionation (8-10 410 
kbar) of a migrating melt. 411 
The pyroxene porphyroclasts show Na2O-poor (Fig. 4b) and LREE-depleted compositions 412 
(Fig. 5a,b), indicative of depleted parental melts (Fig. S2). In terms of REE concentrations, 413 
computed melts in equilibrium with clinopyroxenes are consistent with single melt increments 414 
formed after 5-8% fractional melting of a Depleted Mantle source (Fig. S2; Jackson et al. 1990; 415 
Warren 2016), as proposed for the melts percolating in the host peridotites (Rampone et al. 2008; 416 
Basch et al. 2018). Similar origin was inferred for spinel websterites from the Southwest Indian 417 
Ridge (Dantas et al. 2007). 418 
Interstitial plagioclase and orthopyroxene show Na2O-poor and LREE-depleted compositions 419 
(Fig. 5b,c), similar to the porphyroclastic pyroxenes forming the primary mineral assemblage. This 420 
suggests a depleted composition of the impregnating melt, as previously documented in the host 421 
impregnated plagioclase peridotites (Rampone et al. 1997, 2008, 2019; Basch et al. 2018). 422 
In summary, both the parental melts of pyroxenites and the melts involved in the subsequent 423 
percolation were characterized by Na2O-poor, LREE-depleted compositions, consistent with 424 




































































represent the continuous evolution of similar melts leading to different processes (pyroxenite 426 
segregation and later melt-rock interaction) during their upward migration at changing Pressure-427 
Temperature conditions from spinel-facies to plagioclase-facies depths. Such a continuity of the 428 
processes implies not only a temporal but also a spatial evolution during percolation of the melts in 429 
a mantle column in exhumation. To support the genetic relation and the continuity between the 430 
formation of pyroxenites and the subsequent melt-rock interaction history, we modeled all the 431 
documented processes in sequence, i.e.: i) formation of single melt increments after 6% mantle 432 
decompressional fractional melting; ii) high-pressure segregation of pyroxenites; iii) spinel-facies 433 
reactive porous flow, iv) plagioclase-facies melt impregnation. We used the pMELTS 434 
thermodynamic program (Ghiorso et al. 2002) that allows to assess the evolution of the melt phase 435 
saturation and chemical composition, and the major element composition of the fractionated phases. 436 
Basch et al. (2018) recently modeled the REE compositional evolution of depleted melts 437 
during the melt-rock interaction history documented at Mt.Maggiore. However, major element 438 
modeling of the formation of melt during decompressional melting and subsequent chemical 439 
evolution during percolation was never performed in oceanic environments. The Mt.Maggiore 440 
peridotitic massif provides a good field (Fig. 1) and microstructural control (Fig. 2) on the 441 
chronology of the different processes documented within the pyroxenites, thus allowing to test the 442 
described dynamic model. 443 
 444 
Formation of the depleted single melt increments 445 
 446 
In order to simulate decompressional mantle melting and major element composition of single 447 
melt increments during fractional melting, we performed a model of adiabatic decompression of a 448 
Depleted MORB Mantle (DMM; Workman and Hart 2005). An adiabatic temperature gradient (~ 449 
0.8°C/km; e.g. Hebert and Montési 2010) is imposed to the DMM mantle, upwelling from 25 kbar, 450 
1400°C to 9 kbar, 1360°C. The adiabat crosses the DMM solidus at 13.6 kbar, 1372°C, therefore 451 
initiating the mantle melting process (Fig. S3). At 10 kbar, 1362°C, fractional melting reaches 6% 452 
(Fig. S3), which is consistent with the mineral compositions documented in the residual peridotites 453 
(e.g. Rampone et al. 2008) and to the parental melt involved in the formation of pyroxenites and 454 
melt-rock interaction history (e.g. Basch et al. 2018). At this depth (~ 30 km) we infer that the 455 
residual mantle was incorporated in the Thermal Boundary Layer (TBL) and started cooling 456 
conductively, which in turn led to the cessation of the melting process (e.g. Langmuir et al. 1992; 457 
Shen and Forsyth 1995; Niu 1997; Niu and Hékinian 1997; Langmuir and Forsyth 2007; Montési 458 




































































10 kbar) and the thick TBL inferred are consistent with the cold ultraslow-spreading environment 460 
described at Mt. Maggiore (e.g. Rampone et al. 2014, 2019).  461 
In Figure 6, we compare the chemical evolution of single melt increments and aggregated 462 
melts along progressive melting. At increasing degree of melting, the melt compositions show 463 
decreasing concentrations of Al2O3, Na2O and increasing SiO2, CaO and Ca# (Ca# = Ca/(Ca+Na) 464 
mol%). Single melt increments show larger compositional variations than the aggregated melts, 465 
which are calculated as weighted mass balance of the different single melt increments (Figure 6; 466 
Table S6). Both single melt increments and aggregated melts show high Mg# (~ 75-76 mol%), 467 
consistent with primitive MORB compositions and/or unaggregated melts formed by multi-stage 468 
melting processes, as previously reported in experimental mantle melting studies (Duncan and 469 
Green 1987; Falloon and Green 1988; Kinzler and Grove 1992; Hirose and Kushiro 1993) and in 470 
natural samples and melt inclusions (Duncan and Green 1980; Sobolev and Shimizu 1993). The 471 
strongest compositional differences are observed for Na2O, CaO and therefore Ca#, that is much 472 
higher in the single melt increments, respect to the aggregated melts (+15 mol% after 6% total 473 
melting). The composition of the selected melt, i.e. single melt increment after 6% of DMM melting 474 
(light red stripe in Fig. 6) is given in Table 3 and shows high Mg-value (Mg# = 75 mol%), CaO-rich 475 
(CaO = 13 wt%), Na2O-poor compositions (Na2O = 0.7 wt%), consistently with the melt 476 
compositions documented at Mt.Maggiore (Basch et al. 2018).  477 
 478 
High-pressure segregation of the pyroxenite layers  479 
 480 
In order to constrain the magmatic formation of the pyroxenite layers, we performed a model 481 
of high-pressure reactive fractional crystallization. We used as starting melt composition the single 482 
melt increment calculated in the previous modeling stage after 6% DMM melting (Table 3). This 483 
melt fraction forms at 1362°C, 10 kbar while the mantle enters the TBL. We model the reactive 484 
fractional crystallization of this melt during its percolation in the lithospheric mantle from 10 kbar 485 
to 9.5 kbar, at temperatures decreasing from 1360°C to 1310°C. The temperatures assumed for the 486 
model are slightly higher than the geothermometric estimates obtained for porphyroclastic pyroxene 487 
pairs (up to 1300°C; Table 2). We infer that the difference between the modeled and calculated 488 
temperatures is the result of analytical uncertainty in the measurement of areal analyses and in the 489 
geothermometric estimates. The selected melt is only saturated in clinopyroxene at the pressures 490 
considered in our model. This model assumes the assimilation of 0.2 g/°C of host lherzolite 491 
(ol:opx:cpx:spinel = 58:27:12:3; computed by pMELTS). Small amounts of mantle assimilation are 492 




































































this melt towards the host lherzolite is the result of the decompression and cooling of these newly 494 
formed melts. Such a model of reactive melt percolation assuming the assimilation of a bulk 495 
peridotite have been previously proposed by Dijkstra et al. (2003), Collier and Kelemen (2010) and 496 
Sanfilippo et al. (2016) to simulate deep melt percolation within the mantle.   497 
Figure 7 shows the modal composition of the crystallized and assimilated mineral phases in the 498 
reactive fractional crystallization model. After 20% fractionation at 1335°C (Fig. 7a), the melt 499 
crystallizes a spinel websterite formed by clinopyroxene (~ 80 vol%), orthopyroxene (~ 15 vol%), 500 
spinel (~ 3 vol%), and minor olivine (~ 2 vol%) (Fig. 7b). The computed modal compositions 501 
reproduce well the inferred modal compositions of the primary pyroxenite layers at Mt.Maggiore. 502 
The ratio mass assimilated / mass crystallized remains low and rather constant during the whole 503 
process of reactive fractional crystallization (Ma/Mc ~ 0.2; Fig. 7b), and thus indicates that the 504 
process is dominated by melt fractionation, at decreasing melt mass.  505 
The clinopyroxene and orthopyroxene compositions (Table S6) computed after 20% 506 
fractionation of the melt at 1335°C (Fig. 8) fit the areal analyses of porphyroclastic clinopyroxene 507 
and orthopyroxene analyzed in the Mt.Maggiore pyroxenites (Tables S1, S2). Punctual analyses of 508 
clinopyroxene porphyroclastic cores (Fig. 8c,d; Table S1) show lower MgO and FeO concentrations 509 
and higher CaO contents as a result of extensive orthopyroxene exsolution, and therefore are not 510 
reproduced by the model. We emphasize the importance of the use of areal analyses of the 511 
porphyroclastic pyroxene cores to reconstruct their primary composition (Fig. S1). Yet, 512 
discrepancies are observed between the areal analyses and the computed Al2O3 concentrations in 513 
orthopyroxene, which is overestimated by pMELTS modeling (Fig. 8e). It is worth noting that 514 
pMELTS thermodynamic models (Ghiorso et al. 2002) do not integrate Cr2O3 in pyroxenes and 515 
given the high Cr2O3 concentration in porphyroclastic orthopyroxenes (Fig. 4d), a substitution of 516 
Cr2O3 by Al2O3 in the modeled orthopyroxene M1 site would lead to a large computational error. 517 
Our modeling thus shows that the Mt.Maggiore pyroxenites correspond in terms of modal and 518 
chemical compositions (Figs. 7,8) to spinel websterites formed by reactive fractional crystallization 519 
after 20% fractionation of depleted melts at 1335°C.  520 
 521 
Spinel-facies reactive porous flow 522 
 523 
In order to simulate the reactive porous flow process occurring at spinel facies, leading to 524 
partial dissolution of pyroxene porphyroclasts and crystallization of interstitial olivine (Fig. 2a,b) 525 
we performed a model of reactive fractional crystallization from 8 kbar to 7 kbar, at temperatures 526 




































































formation of the pyroxenite at 1335°C in the previous model (Table 3). Based on microstructural 528 
constraints (Fig. 2a,b), this model assumes the assimilation of 0.1 g/°C of porphyroclastic 529 
pyroxenes (75% orthopyroxene, 25% clinopyroxene). The melt reactivity is related to the expansion 530 
of the olivine stability field at decreasing pressure (Kelemen 1990).  531 
Figure 9 shows the modal composition of the products and assimilated phases of the reactive 532 
porous flow process. While temperature decreases from 1320 to 1290°C, the percolating melt 533 
assimilates a total of 3g of pyroxenes (2.25g orthopyroxene, 0.75g clinopyroxene) and fractionates 534 
4.5g of olivine (Fig. 9a; Table S6). This implies a rather high Ma/Mc of ~ 0.6-0.7 (Fig. 9b) and an 535 
almost constant liquid mass during the reactive porous flow process (Table S6), consistently with 536 
what was described in previous studies (Rampone et al. 2008; Basch et al. 2018). The low amount 537 
of assimilation and fractionation of the melt along the process (Fig. 9a) is also consistent with the 538 
microstructural evidence of a reactive porous flow process integrated over time (Basch et al. 2018), 539 
i.e. each single portion of melt percolating through the matrix leads to only part of the dissolution-540 
precipitation process observed in the pyroxenite and peridotite. The composition of the olivine 541 
fractionated from the melt is almost constant during the modeled process (Fo = 89.5-90.0 mol%; 542 
Table S6) and corresponds to the composition of olivines analyzed in the pyroxenites and 543 
peridotites at Mt. Maggiore (Table S4; Rampone et al. 1997, 2008; Müntener and Piccardo 2003; 544 
Piccardo and Guarnieri 2010; Basch et al. 2018).  545 
We attempted to perform this pMELTS thermodynamic model using as initial melt 546 
composition the 6% depleted single melt increment (Table 3), without considering the previous 547 
stage of high-pressure segregation of the pyroxenite layers. The results of this model are shown in 548 
Figure S4 and indicate the saturation of clinopyroxene at 1305°C, and therefore the formation of a 549 
wehrlite at decreasing temperatures (70 vol% clinopyroxene, 30 vol% olivine at 1285°C; Fig. S5b). 550 
This does not correspond to the microstructural observations of partial dissolution of pyroxenes and 551 
crystallization of interstitial olivine related to reactive porous flow (Fig. 2a,b). This implies that the 552 
early stage of fractionation of the pyroxenite layers at high pressure is necessary to decrease the 553 
pyroxene saturation in the melt during its decompressional evolution.  554 
Previous studies of the melt-rock interaction history at Mt. Maggiore investigated the REE 555 
evolution of depleted melts during the processes of spinel-facies reactive porous flow and melt 556 
impregnation (Rampone et al. 2008; Piccardo and Guarnieri 2010; Basch et al. 2018). However, 557 
these studies did not consider the early fractionation of pyroxenites in the melt REE evolution. We 558 
performed a simple Assimilation-Fractional Crystallization (AFC) REE model (DePaolo 1981) of 559 
the high-pressure formation of pyroxenite layers, in order to assess its impact on the initial depleted 560 




































































after Basch et al. 2018), during assimilation of the country lherzolite at Ma/Mc = 0.2 (mineral 562 
compositions after Basch et al. 2018). Figure S5 shows that pyroxenite segregation does not lead to 563 
significant modification in the REE composition of the percolating melt (CeN/YbN from 0.16 to 564 
0.17; YbN from 15.7 to 17.2 times C1). Therefore, the early formation of pyroxenites does not affect 565 
the previously described REE trace element evolution during reactive porous flow and impregnation 566 
processes (Basch et al. 2018).  567 
 568 
Plagioclase-facies melt impregnation 569 
 570 
We simulated the melt impregnation stage documented in the peridotites and pyroxenites 571 
assuming a stage of melt reactive fractional crystallization from 7 kbar, 1280°C to 6 kbar, 1200°C. 572 
These conditions are consistent with our geothermobarometric estimates of the impregnation 573 
process (Table 2), indicating temperatures up to 1290°C, at pressures of 6.4-6.6 kbar. We used as 574 
initial melt composition the computed melt after the previous model of reactive porous flow at 575 
1290°C (Table 3). Based on microstructural constraints (Fig. 2c,d), this model assumes the 576 
assimilation of 0.2 g/°C of cooling of interstitial olivine Fo90.  577 
Figure 10 represents the modal composition of the products and assimilated phases during the 578 
melt impregnation model. The latter leads to an extensive crystallization of a gabbronoritic 579 
assemblage at first (plagioclase, orthopyroxene, clinopyroxene, ~10g/5°C until 1260°C; Fig. 10a) 580 
and is then dominated by the crystallization of plagioclase alone (<1260°C; Fig. 10a). The 581 
gabbronoritic modal composition of the high-temperature impregnation products (Fig. 10b) is 582 
consistent with the [plagioclase + orthopyroxene ± clinopyroxene] character of the impregnation 583 
(Fig. 2c,d) and the occurrence of gabbronoritic veinlets within the most impregnated peridotites and 584 
pyroxenites (Basch et al. 2018). Ma/Mc is low (~ 0.1-0.3; Fig. 10b), implying that the melt mass 585 
and porosity decrease rapidly during the impregnation process, consistently with what was 586 
described in previous studies (Rampone et al. 2008; Basch et al. 2018).  587 
The major element compositions of interstitial plagioclase and orthopyroxene analyzed in the 588 
pyroxenites (Tables S2,S3) fit well to the compositions of plagioclase and orthopyroxene 589 
fractionated from the melt at 1270-1280°C in the pMELTS model (Fig. 11). Again, the largest 590 
discrepancy between the measured and computed mineral compositions is the Al2O3 content in 591 
orthopyroxene (Fig. 11a). We infer that this mismatch is due to a pMELTS computational error as 592 
previously discussed (see Discussion 9.3). This model therefore reproduces the microstructural 593 




































































the mineral phases (plagioclase, orthopyroxene, clinopyroxene) as products of melt impregnation at 595 
1270-1280°C (Fig. 11). 596 
 597 
Depleted melts in slow-spreading oceanic environments 598 
 599 
Melt migration in a thick Thermal Boundary Layer 600 
The peridotites from Mt. Maggiore have been previously described as one of the few 601 
occurrences of oceanic mantle in the Alpine-Apennine ophiolites (e.g. Rampone et al. 2019). They 602 
record a multi-stage history of decompressional melting and subsequent melt-rock interactions, 603 
related to the opening of the ultraslow-spreading Ligurian Tethys basin (Fig. 12a). In this oceanic 604 
context, the pMELTS thermodynamic models developed in this study allowed to reconstruct the 605 
Pressure-Temperature evolution (Fig. S6), ranging from adiabatic decompression to conductive 606 
cooling in the oceanic lithosphere. The thermodynamic models define a cold thermal regime (Fig. 607 
S6), in which decompressional melting of the peridotite occurs over a restricted range of pressure 608 
(13.6-10 kbar), and stops at relatively high pressures (10 kbar ~ 30 km) while being incorporated 609 
into the TBL (Fig. S6; e.g. Langmuir and Forsyth 2007). In this thick TBL, high-temperature 610 
magmatic processes are followed by plagioclase-facies subsolidus reequilibration documented in 611 
the plagioclase-bearing assemblage within the peridotites and associated pyroxenites (780-1080°C, 612 
3-5 kbar; Table 2). Thick TBL have been described in slow-spreading ophiolitic (Müntener et al. 613 
2010; Sanfilippo et al. 2017; Rampone et al. 2018; Basch et al. 2019) and oceanic environments 614 
(Langmuir et al. 1992; Cannat 1996; Niu 1997; Kelemen et al. 2007; Langmuir and Forsyth 2007; 615 
Montési and Behn 2007; Dick et al. 2010; Hebert and Montési 2010; Warren and Shimizu 2010; 616 
Sleep and Warren 2014; D’Errico et al. 2016), consistent with the geodynamic context of the Mt. 617 
Maggiore peridotitic body and Ligurian Tethys basin (Fig. 12a). Deep conductive cooling in slow-618 
spreading lithosphere favours the freezing of melts percolating in the shallow mantle.  619 
Hebert and Montési (2010) modeled the depth of the crystallization front as a function of 620 
spreading rate at mid-ocean ridges. The crystallization front corresponds to the depth at which 621 
migrating melts experience extensive crystallization at the double saturation of plagioclase and 622 
clinopyroxene. At spreading rates comparable to those estimated for the Ligurian Tethys basin (20 623 
mm/yr full spreading rate; see Rampone et al. 2014 and cited references), their model predicts the 624 
depth of the crystallization front at 18 km (~ 6 kbar). This is consistent with our pMELTS models 625 
indicating double saturation of plagioclase and clinopyroxene and extensive crystallization rates at 7 626 




































































this study are in good agreement with the typical thermal architecture (Fig. S6) expected for a cold 628 
ultraslow-spreading environment (Fig. 12a). 629 
 630 
Continuous evolution of depleted melts in a mantle column 631 
The thermodynamic models evidence the continuity of the described processes and therefore a 632 
continuous evolution of the depleted initial melt composition, from the formation of the pyroxenite 633 
layers to the reactive porous flow and impregnation processes (Fig. S6). The major element 634 
pMELTS modeling demonstrated the necessity of including the early fractionation of pyroxenes in 635 
the melt evolution, leading to a decrease of pyroxene saturation in the melt (see Discussion 9.4; Fig. 636 
S5). This decreased saturation accounts for the pyroxene paradox and is crucial to model the 637 
following spinel-facies reactive porous flow process without reaching saturation of clinopyroxene 638 
(Fig. S5) and, therefore, to reproduce the microstructural observations of a pyroxene-dissolving, 639 
olivine-crystallizing reactive porous flow. 640 
The continuity of these reactive processes occurring at different depths in the conductive 641 
lithosphere (Fig. S6) also implies a vertical evolution of the types of melt-rock interactions 642 
(Rampone et al. 2019). Therefore, all processes occur at the same time at different depths in a 643 
mantle column in exhumation (Fig. 12b). To form the microstructural assemblages observed in our 644 
samples (impregnated pyroxenite reequilibrated to sub-solidus plagioclase-facies conditions), a 645 
pyroxenite layer formed at 10 kbar needs to reach the Pressure-Temperature conditions that account 646 
for extensive sub-solidus reequilibration (800°C, 3 kbar; Table 3). The full spreading rate of the 647 
Ligurian Tethys has been estimated to be 20 mm/yr (Rampone et al. 2014), which, following the 648 
equations of McKenzie (1969) and Warren et al. (2009), corresponds to an exhumation rate of 12.7 649 
mm/yr. At this rate, a pyroxenite layer formed at relatively high pressure (10 kbar ~ 30km) would 650 
be exhumed to shallow depths (3 kbar ~ 9 km) in 1.6 Ma (Fig. 12b). Their formation and 651 
subsequent impregnation by depleted melts imply that generation of these melts is a continuous 652 
process characterized by steady-state isotherms over the estimated duration of mantle exhumation. 653 
Our models demonstrate that a single process of mantle adiabatic decompression governs the 654 
formation of depleted melts. Percolation of such depleted melts in turn drive all the documented 655 
reactive processes occurring in the thick oceanic lithosphere. 656 
 657 
Pyroxenites at ultraslow-spreading ridges and the pyroxene paradox 658 
The Mt. Maggiore pyroxenites, similar to what was documented for abyssal pyroxenites from 659 
the South-West Indian Ridge and Gakkel Ridge, originated as deep melt segregations from depleted 660 




































































subsequently percolated this mantle sector, originating reactive harzburgites and dunites (at spinel-662 
facies depth) and impregnated peridotites (at plagioclase-facies depth) during progressive upward 663 
migration. As discussed by Rampone et al. (2019), we thus infer that the depleted signature of these 664 
melts is a primary feature, reflecting their origin as single depleted melt increments. Depleted melts 665 
are presently documented in oceanic and ophiolitic peridotites from ultraslow spreading 666 
environments only (e.g., Dijkstra et al. 2003; Dantas et al. 2007; Piccardo et al. 2007;  Piccardo and 667 
Guarnieri 2010; Basch et al. 2018). At such settings, low melt production and thick TBL may 668 
favour the preservation of unaggregated last depleted melt increments formed at the top of an 669 
upwelling melting mantle column.  670 
Our models demonstrate that the expansion of olivine stability field during upward migration 671 
of the depleted melts does not account alone for the spinel-facies reactive porous flow leading to 672 
dissolution of mantle pyroxenes (see Discussion 9.4). Thus, the early segregation of pyroxenitic 673 
components is a necessary process in lowering the pyroxene saturation in the migrating melt and 674 
could be fundamental in the formation of olivine-saturated pyroxene-undersaturated melts. The 675 
high-pressure fractionation of melts beneath mid-ocean ridges is also frequently invoked to account 676 
for the “pyroxene paradox” (Francis 1986; Grove et al. 1992; Dantas et al. 2007). Migration of 677 
unaggregated melts and high-pressure crystallization of pyroxenites are favoured in a thick TBL 678 
and are likely to be a common feature at ultra-slow spreading ridges, such as the South-West Indian 679 
Ridge and Lena Trough (Dantas et al. 2007; Laukert et al. 2014). 680 
 681 
Summary and conclusions 682 
 683 
This study investigates the formation of the pyroxenite layers associated to the residual 684 
peridotites of the Mt. Maggiore. Combined microstructural and geochemical analyses point to a 685 
magmatic formation of the pyroxenite, as part of the complex reactive percolation history of 686 
depleted single melt increments. We performed pMELTS models of this evolution as follows: 687 
1) Formation of the depleted melts by fractional melting of a DMM in an ultraslow-spreading 688 
environment, in which the thick TBL terminates the melting process at rather high pressure 689 
(10kbar); 690 
2) Reactive crystallization of the pyroxenite layers (75% clinopyroxene, 20% orthopyroxene, 691 
5% spinel) during fractionation of the depleted melt at depth (Mc = 20%), and assuming the 692 




































































3) Spinel-facies reactive porous flow of the modified melt leads to the assimilation of 694 
pyroxenes and crystallization of interstitial olivine, without significant modification in the melt 695 
mass (Ma/Mc = 0.6-0.7; Mc < 5%). 696 
4) The percolation of the modified depleted melts at shallower levels leads to the crystallization 697 
of gabbronoritic assemblages (plagioclase, orthopyroxene, clinopyroxene) at the expense of olivine 698 
(Ma/Mc = 0.1-0.2) during impregnation of the peridotites and associated pyroxenites. 699 
The formation of pyroxenite layers from unaggregated depleted melts in ultra-slow spreading 700 
environments testifies their importance in the geochemical evolution of the melt percolating in the 701 
oceanic lithosphere. The early fractionation of pyroxenites leads to a decrease in pyroxene 702 
saturation, thus accounting for the “pyroxene paradox” and in turn favouring the subsequent 703 
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Figure captions 1086 
 1087 
Figure 1: Representative field occurrences of pyroxenite layers within the Mt. Maggiore peridotitic 1088 
body. A: Partially dissolved pyroxenite layers within country spinel lherzolite; B: Partially 1089 
dissolved spinel pyroxenite; C: Close-up of a partially dissolved spinel websterite. Cpx: 1090 
clinopyroxene, Opx: orthopyroxene; D: Plagioclase pyroxenite within country impregnated 1091 
peridotite; E: Close-up of a plagioclase pyroxenite, showing interstitial plagioclase and 1092 
orthopyroxene enrichments.  1093 
 1094 
Figure 2: Representative microstructures of the spinel and plagioclase pyroxenites. A: Spinel 1095 




































































pyroxenite. Interstitial olivine develops embayments on porphyroclastic orthopyroxene; C: 1097 
Plagioclase pyroxenite. Interstitial plagioclase + orthopyroxene intergrowths develops embayments 1098 
on interstitial olivine and porphyroclastic clinopyroxene; D: Plagioclase pyroxenite. Interstitial 1099 
plagioclase and orthopyroxene develop embayments on interstitial olivine and exsolved 1100 
porphyroclastic clinopyroxene; E: Plagioclase pyroxenite. Extensive orthopyroxene exsolution 1101 
development in porphyroclastic clinopyroxene; F: Plagioclase pyroxenite. Interstitial orthopyroxene 1102 
and plagioclase intergrowth at the expense of a porphyroclastic clinopyroxene showing extensive 1103 
[orthopyroxene + plagioclase] exsolutions. 1104 
 1105 
Figure 3: Olivine Crystallographic Preferred Orientation of plagioclase pyroxenites from the Mt. 1106 
Maggiore peridotitic body. One point-per-grain equal-area, lower hemisphere stereographic 1107 
projections. The colour bar is scaled to the maximum concentration of the three crystallographic 1108 
axes. BA refers to the calculated BA-index (Mainprice et al. 2014).  1109 
 1110 
Figure 4: Major element concentrations of clinopyroxene (A-B) and orthopyroxene (C-D) in spinel 1111 
pyroxenites and plagioclase pyroxenites. A: Mg# (mol%) vs Al2O3 (wt%); B: Na2O vs Al2O3 1112 
(wt%); C: Mg# (mol%) vs Al2O3 (wt%); D: Cr2O3 vs Al2O3 (wt%). Compositional fields of Mt. 1113 
Maggiore spinel and plagioclase peridotites after Basch et al. (2018), and single analyses of spinel 1114 
websterites from South-West Indian Ridge (Dantas et al. 2007) and plagioclase websterites from 1115 
Lena Trough (Laukert et al. 2014). 1116 
 1117 
Figure 5: C1-normalized REE composition of rock-forming minerals in the impregnated 1118 
pyroxenites. A: Porphyroclastic clinopyroxene core; B: Porphyroclastic and interstitial 1119 
orthopyroxene core; C: Interstitial plagioclase core. C1-chondrite normalization values after Sun 1120 
and McDonough (1989). Internal Ligurian websterite after Sanfilippo and Tribuzio (2011), 1121 
compositional field for Mt. Maggiore plagioclase peridotites after Basch et al. (2018),  plagioclase 1122 
websterite from Lena Trough after Laukert et al. (2014), and spinel websterite 1 and 2 from 9-16° 1123 
South-West Indian Ridge after Warren et al. (2009) and Dantas et al. (2007), respectively. 1124 
 1125 
Figure 6: Total melt fraction (g) vs composition of the single melt increments and aggregated melts 1126 
formed during the pMELTS modeling of DMM mantle (Workman and Hart 2005) adiabatic 1127 
decompression. A: Mg# (mol%); B: Ca# (mol%); C: Al2O3 (wt%); D: SiO2 (wt%); E: Na2O (wt%); 1128 





































































Figure 7: Temperature (°C) vs cumulated modal composition of the assimilated and fractionated 1131 
phases during the pMELTS model of reactive fractional crystallization from 10 kbar, 1360°C to 9 1132 
kbar, 1310°C. Initial melt composition is the single melt increment formed after 6% fractional 1133 
melting of DMM mantle (Table S6). A: Mass (g) of the assimilated and fractionated phases, on the 1134 
basis of 100 grams of melt; B: Modal proportion (vol%) of the assimilated and fractionated phases. 1135 
 1136 
Figure 8: Mg# (mol%) vs Major element concentrations of clinopyroxenes (A-D) and 1137 
orthopyroxenes (E-H) analyzed in Mt. Maggiore pyroxenites and modeled by the pMELTS reactive 1138 
fractional crystallization process. A,E: Al2O3 (wt%); B,F: Na2O (wt%); C,G: MgO (wt%); D,H: 1139 
FeO (wt%). Numbers associated to the crystallization trends correspond to crystallization 1140 
temperatures. 1141 
 1142 
Figure 9: Temperature (°C) vs cumulated modal composition of the assimilated and fractionated 1143 
phases during the pMELTS model of reactive porous flow from 8 kbar, 1320°C to 7 kbar, 1290°C. 1144 
Initial melt composition used is the 1335°C melt output from the previous model of reactive 1145 
fractional crystallization (Table S6). A: Mass (g) of the assimilated and fractionated phases, on the 1146 
basis of 100 grams of melt; B: Modal proportion (vol%) of the assimilated and fractionated phases. 1147 
 1148 
Figure 10: Temperature (°C) vs cumulated modal composition of the assimilated and fractionated 1149 
phases during the pMELTS model of melt impregnation from 7 kbar, 1280°C to 6 kbar, 1200°C. 1150 
Initial melt composition used is the 1290°C melt output from the previous model of reactive porous 1151 
flow (Table S6). A: Mass (g) of the assimilated and fractionated phases, on the basis of 100 grams 1152 
of melt; B: Modal proportion (vol%) of the assimilated and fractionated phases. 1153 
 1154 
Figure 11: Major element concentrations of orthopyroxenes (Mg# vs A-D) and plagioclase (SiO2 1155 
vs E-H) analyzed in Mt. Maggiore pyroxenites and modeled by the pMELTS melt impregnation 1156 
process. A: Al2O3 (wt%); B: Na2O (wt%); C: MgO (wt%); D: FeO (wt%); E: An (mol%); F: Na2O 1157 
(wt%); G: Al2O3 (wt%); CaO (wt%). Numbers associated to the crystallization trends correspond to 1158 
crystallization temperatures. 1159 
 1160 
Figure 12: Interpretative sketches of the geological context of the Mt. Maggiore peridotitic body. 1161 
A: Context of formation of the pyroxenite layers and melt percolation through a thick lithosphere in 1162 




































































(from mantle melting to spinel-facies reactive percolation to plagioclase-facies melt impregnation; 1164 
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Table 1: Studied samples, lithotype, modal composition, BA-index, and PfJ olivine 
Ol: Olivine; Cpx: Clinopyroxene; Opx: Orthopyroxene; Plagio: Plagioclase; Sp: Spinel;  
PfJ: Fabric strength of single crystallographic pole. 
  Modal compositions (vol%) EBSD data 
Sample Lithotype Ol Cpx Opx Plagio Sp BA-index PfJ [100] PfJ [010] PfJ [001] 
M11-7B Spinel pyroxenite 20 35 40 5 0 0.432 2.03 2.25 2.10 
M11-4C Plagioclase pyroxenite 20 25 45 10 0 0.428 1.43 1.81 1.72 
M11-5B Plagioclase pyroxenite 30 35 25 10 0 0.355 2.37 3.87 2.73 
M11-6 Spinel pyroxenite 30 10 55 5 0 0.379 1.71 1.96 1.74 
M11-8 Spinel pyroxenite 40 25 30 5 0 0.402 2.2 2.27 2.00 
M11-12C Plagioclase pyroxenite 35 30 15 15 5 0.208 1.68 2.55 1.81 
M11-7 Spinel pyroxenite 40 20 35 5 0 0.298 1.72 2.35 1.65 
M11-12A Plagioclase pyroxenite 45 20 15 15 5 0.182 1.56 2.74 1.85 
Table 1 Click here to access/download;Table;Table 1 Analyzed
samples.docx
Table 2: Geothermobarometric estimates of different processes recorded in the pyroxenite layers. See the 










1after Brey and Kohler (1990) and Taylor (1998); 
2after Taylor (1998): 
3after Fumagalli et al. (2017). 
  Temperature (°C) Pressure (kbar) 
  opx-cpx1 opx2 cpx-opx-pl-ol3 
Formation of pyroxenites 1210-1240 1260-1300 - 
Melt impregnation - 1080-1290 6.4-6.6 
Sub-solidus reequilibration 880-1050 900-1080 4.2-4.6 
Extensive sub-solidus reequ. 780-900 900-980 2.9-3.1 
Table 2 Click here to access/download;Table;Table 2
Geothermobarometric estimates.docx
Table 3: Initial melt compositions used in the pMELTS thermodynamic models of reactive percolation. 
Mg# = Mg / (Mg+Fe); Ca# = Ca / (Ca+Na). 
Melt composition T (°C) P (kbar) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 FeO MnO MgO NiO CaO Na2O Total Mg# Ca# 
Pyrox. Formation 1362.5 10 47.54 0.81 15.52 0.84 0.05 8.06 0.01 13.64 0.01 12.86 0.67 100.0 75.10 91.40 
Reac. porous flow 1335 9.75 46.73 0.91 17.04 1.33 0.00 8.46 0.02 12.55 0.02 12.14 0.80 100.0 72.57 89.37 
Melt impregnation 1290 7.00 47.48 0.92 17.39 1.35 0.00 8.21 0.00 11.38 0.00 12.45 0.81 100.0 71.19 89.51 
Table 3 Click here to access/download;Table;Table 3 Initial melt
composition.docx
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